ABSTRACT: Eight reinforced concrete specimens were fabricated and subjected to tensile membrane forces and air pressure to study the air leakage characteristics in cracked reinforced concrete members. A mathematical expression for the rate of pressurized air flowing through an idealized crack is presented. The mathematical expression is refined by using the experimental data to describe the air flow rate through any given crack pattern . Graphical charts are also presented for the calculation of the air leakage rate through concrete cracks. The concept,of equivalent crack width for a given crack pattern is introduced. The mathematical expression and graphical charts are modified to include this equivalent crack width concept. The proposed technique is applicable for the prediction of the leakage from concrete containment structures or any similar structures due to high internal pressure sufficient to initiate cracking.
INTRODUCTION
When unlined concrete containment structures are subjected to high internal pressure, the membrane stresses induced may exceed the tensile strength of concrete, producing cracks passing through the thickness of the concrete and resulting in leakage from the containment. This paper provides a technique to predict the rate of air leakage as related to any given crack pattern, The proposed technique is applicable to the prediction of the leakage from concrete containment structures or any similar structures due to high internal pressure.
The first attempt to examine the leakage of air through concrete cracks was undertaken by Buss (2) , He examined the rate of flow of air through a pre-existing crack in a slab under air pressure. Later, researchers at the University of Alberta (8) initiated an experimental program by building prestressed concrete segments loaded uniaxially and biaxially to simulate the loading condition of containment structures under internal pressure. Neither of these studies was in a general form to predict air leakage through any given crack pattern in a reinforced concrete structure, The first dealt with a pre-existing crack pattern, while the later study was based on a single specimen under a limited range of internal pressures. Thus, the data were insufficient for the development of a generalized predictive technique,
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MATHEMATICAL FORMULATION OF LEAKAGE RATE
In general, the geometric configuration of a particular crack extending through a cracked concrete section is extremely complex. It is almost impossible to model accurately the crack path. Since each crack is unique, modeling a particular crack would be of limited application. However, for pure membrane loads, the width of any given crack should be reasonably uniform through the concrete thickness. Thus, the flow through a concrete crack may be idealized as a flow through a gap between two parallel plates as shown in Fig. 1 . Applying the momentum-balance theorem, which states that the summation of forces should equal the change of momentum (3); In which A = BW ff; B = extent of crack in feet; W = gap between two parallel plates ~crack width) in feet; P = absolute air pressure at any section, in lb-ft i V = velocity of air at any section" in Ib-ft2; To = shear stress due to wall friction, in lb-ff; and p = mass air density, in slug/ ft'.
The mass flow rate m and the friction coefficient factor f, are assumed to be constant along the flow path. The air flow is also assumed to be isothermal. Thus" in a steady and uniform flow in a conduit of constant cross section, shear stress can be expressed in terms of velocity V, mass air density p, and dimensionless friction coefficient factor f as follows. in which subscripts 1 and 2 represent conditions at the beginning and at the end of the crack, respectively. Rand T are the gas constant and the absolute temperature respectively; q2 is the rate of flow of air at the end of crack. 'The first term of Eq. 3 in the bracket is very small compared to unity and can be neglected. Hence Substitutmg Eq. 7 into Eq. 4 and simplifying yields
The total flow rate Q, through a wall having j cracks can be expressed as the sum of the flows through the individual cracks or It should be noted that in the aforementioned derivation, Wi is the width of the j th crack which must be determined from measurements.
The width of other cracks, i.e., j + 1 crack, may be different.
Test Specimens.-In containments and similar structures subjected to internal pressure, the magnitude of the membrane stresses, and hence the crack width, is a function of the internal pressure. However, in leakage tests, the tensile forces applied to the specimen are independent of the applied air pressure, which permits an evaluation of the leakage rate for different pressure levels. Moreover, planar specimens were used to simplify the fabrication, testing, and interpretation of the results.
All specimens were rectangular in shape and reinforced in two directions with deformed bars. Transverse reinforcement was provided by MI0 bars spaced at 3 in. (76 mm) center-to-center on both faces. Longitudinal reinforcement was also spaced at 3 in. (76 mm) center-to-center with concrete cover of 1/2 in. (12 mm). The three quantities varied from one specimen to another were longitudinal bar size, concrete thickness and steel reinforcement ratio. The overall dimensions and reinforcements of the specimens are shown in Table 1 .
All concrete used in the specimens had a nominal design strength of 6,000 psi (41 MPa) and was mixed in the laboratory. The volume of each batch was 3 cu It (0.084 m' ) which is the capacity of the mixer, and contained the following quantities: (1) Two air chambers were provided, one on each face of the specimen. The upstream chamber was filled with pressurized air and the downstream chamber was used to collect air that had leaked through the cracks of the specimen. To provide air-proofing along the edges of the specimen, a 1/2 in. (12 mm) reinforced rubber liner was cast around the edges of the specimen. The shape of the rubber liner was specially cast so that a 3/8 in. (10 rom) steel plate could be bolted to the rubber liner at the upstream face to form a chamber. Likewise, the downstream chamber was formed by bolting a 1/2 in. (12 mm) plexiglass plate on to the rubber liner. Details of the air chambers and rubber liner are shown in Fig. 2 and Fig. 3 . The rubber was bonded to the concrete surface by using steel wires which embedded into the concrete (7). To further reinforce the rubber liner during testing and to prevent its separation from the concrete around the edges of the specimen under high internal pressure, four angles were provided along each corner of the specimen in the vertical direction. The angles were supported at one third and two thirds of their height by homemade C-clamps as shown in Fig. 4 . The C-clamps were loose during the application of the tensile membrane load and were tightened only when the applied load was constant and the pressure was applied on the upstream chamber. Fig.  4 shows the specimen ready for testing.
Test Procedure,-When a concrete containment structure is subjected to high internal pressure, the membrane stresses induced may exceed
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the cracking strength of concrete, resulting in cracks passing through the wall of the containment. In the testing program, the situation is simulated by applying the tensile membrane forces to the longitudinal reinforcing bars which protrude along the ends of the specimen and providing pressurized air to the upstream chamber of the specimen.
Before performing the test, the specimen was alined vertically and the load cells were adjusted to provide equal distribution of load on each longitudinal reinforcement. The load was increased in increments of 5 kips or 10 kips (22 kN or 44 kN) as was deemed appropriate to produce a sufficient quantity of data before yielding of the reinforcement occurred. At each load increment, the load was held constant and air pressure was applied on the upstream chamber while the downstream chamber was kept at atmospheric. The air pressure in the upstream chamber was controlled by a pressure regulator. A pressure tranducer attached to the upstream chamber was connected to the Data Acquisition System to automatically record the pressure in the chamber.
Once leakage was detected, it was obvious that through-the-concrete cracks had been formed. The air pressure was increased in increments of 3 or 5 psi (22 kPa or 35 kPa) . The amount of air flowing through cracks in a 30-sec period was measured by two dry test meters connected in series. Two readings were taken for each increment of air pressure to derive an average value of rate of flow for each increment. The maximum air pressure applied was 30 psi (207 kPa). The induced bending stresses due to air pressure were inSignificant in comparison with the applied tensile stresses to create differential crack widths between downstream and upstream faces of the specimen.
The cracking patterns were marked and numbered on the surface of the plexiglass at the downstream chamber. Crack widths were measured by using a movable microscope along the center line of the specimen. Widths of all subsequent cracks were measured through the plexiglass for each load increment.
This procedure was repeated for each load increment until the load Thus, for a given crack pattern, the wall roughness k and flow coefficient n can be found by Eq. 12 and Eq. 13, respectively and the constant C can be calculated. With the known value of the modified pressure gradient P and the constant C, the rate of flow of air per unit extent of crack can be found, from which the rate of flow of air at the end of cracks can subsequently be found. Based on the derived formulas, the solution is presented in graphical form as shown in the chart in Fig. 8 . The reliability of these equations can be examined by comparing the rate of flow calculated using Eq. 10, Thus, if the value of the average crack width and average crack spacing can be predicted, the flow coefficient n and wall roughness coefficient k can be determined by using Eq. 16 and Eq. 17, respectively.
The calculated rate of flow using Eq. 15 is compared with the measured values for all the leakage specimens, as shown in Fig. 13 . The perfect relationship between the calculated and the measured rate of flow is presented by the dotted line in this figure. A linear regression analysis was performed on the test data and the results are presented by the solid line with a linear regression coefficient of 0.893. The discrepancy between the mean value and the perfect relationship is greater than the one presented in Fig. 9 . This discrepancy can properly be attributed to the fact that the formation of additional cracks would lower the value of the average crack width which would reduce the calculated rate of flow in comparison with the measured values.
AVERAGE CRACK SPACING AND WIDTH
The second procedure described in this paper for obtaining air flow requires information to obtain the average crack width and average crack spacing. Many experimental and analytical research projects have been conducted to study the phenomenon of cracking in reinforced concrete members (1,4-6 ). So far, there is no universally accepted theory or equation for the prediction of crack widths and spacing. Recently, two major experimental programs (5,6) have been conducted to study the cracking behavior of reinforced concrete members subjected to tensile membrane forces. The studies examined the applicability of the existing equations for predicting crack spacing and widths, and the influence of the transverse reinforcement on crack behavior. It was concluded (6) , that Leonhardt's expression is valid and provides better accuracy in prediction of average crack spacing. However, Leonhardt's prediction of the average crack widths is highly overestimated, since the ratio between the calculated values and those measured suggest an average of 2.38. The prediction of average crack widths based on Beeby's work (1), was found to be more accurate since the average ratio between the measured and calculated values is 1.16.
The following is a brief summary of the required expressions for average crack spacing and average crack widths based on the above discussion. The complete derivation is given in Refs. 1 and 4 .
Average Crack Spacing Save.-Based on experimental results, Leonhardt proposed an expression to predict the average crack spacing as follows. pE,f'2 in which Es2 is the steel strain in the cracked section corresponding to the steel stress fa; K2 is a constant depending on the type of reinforcement; t: is the tensile strength of concrete; tS2,a is the stress in the reinforcement at a crack immediately after cracking; and t$2 is the stress in the reinforcment at a crack at any given load after cracking and before yielding of the reinforcement.
Numerical Example.-Based on the two proposed methods for predicting air leakage through cracked reinforced concrete, specimen L4 will be used as an example to illustrate the steps for calculating air leakage through cracked concrete due to applied membrane tensile loads. The air flow rate will be predicted, initially, using the first approach, which requires information about each individual crack for a given crack pattern. Subsequently, the equivalent crack width approach will be used. The predictions based on both methods are compared to the measured values to reflect the reliability of the two proposed approaches.
Using Measured Crack Spacing and Widths.-The air leakage rate will be predicted using the measured crack width and spacing for specimen L4 as an example of an applied membrane load of 45 kips (200 kN) and an upstream pressure of 30 psi (207 kPa). The measured crack widths, section properties, and material properties of specimen L4 are given in Table 2, from which values of k and n were found to be 1,359 and 0.878, using Eqs. 12 and 13, respectively. At the specified upstream pressure of 30 psi (207 kPa), the air flow rate can be predicted using Eq. 10, and was found to be 0.021 cu ft'/sec (5.88 x 10-' mJ/s).
Using Predicted Equivalent Crack Width Approach.-This method first requires prediction of crack width and spacing under the applied tensile load. Based on Leonhardt's expression, Eq. 18, the almost-lost bond length I, and the transfer length It were found to be 1. At an applied membrane force of 45 kips (200 kN), the calculated average strain Em was 0.0046, using Eq. 22. Based on the average crack spacing and the average gross strain, the average crack width WOlve of 1.98 X 10-' ft (0.06 mm) was obtained using Eq. 21, which is in strong agreement with the average measured values given in Table 2 . In this case, the values of k and n were obtained using Eq. 17 and Eq. 16 and were found to be 1,405 and 0.873 respectively, which are again close to the values obtained in the first method.
For the same loading conditions, and upstream pressure of 30 psi (207 kPa), the air flow rate can be predicted using Eq . 15 and was found to be 0.0187 cu ft/sec (5.24 x 10-4 m' Is) from a surface area of 2.5 sq ft (0.23 m'). The measured rate of flow under the same described loading conditions was found to be 0.0185 cu ft/sec (5.18 x 10-' m' Is) which is in excellent agreement with the predicted values based on the two proposed methods.
Practical Application.-The procedures developed can be used to estimate the rate of leakage of unlined concrete containment structures subjected to internal pressure high enough to produce cracks through the concrete thickness of the wall [typically 60 psi in a prototype vessel (9)J. The methods as illustrated in this paper are for leakage of air. However, they should be applicable to other fluids if appropriate fluid constants are used . The procedure presented also assumes that it is possible to maintain constant internal pressure during the evaluation of leakage, in spite of the fact that the maximum pressure that could be developed within the containment is related to the rate of leakage from the building and the rate of delivery of the pressurizing medium to the building.
CONCLUSIONS
Two dependent methods were introduced to predict the air leakage through cracked concrete. The mathematical formulation of the first method is designed to predict the air leakage through cracked concrete with known width of each individual crack in any given crack pattern. The concept of equivalent crack width for a given crack pattern is introduced in the second method. This concept removes the requirement of knowing every individual crack width of a given crack pattern, by introducing an equivalent crack width, provided that the number of cracks is known. Both methods were compared with the measured values and were found to be in good agreement.
To verify the reliability of the proposed techniques and to take into account the effect of prestressing and biaxial loading conditions, further independent testing should be undertaken.
